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GENERAL INTRODUCTION 
Agricultural statistics show that com and soybeans are grown on more than 
20,000 acres each year in Iowa. The process of growing and harvesting crops removes 
nutrients from the soil. In order for the soil to remain productive these nutrients need to 
be replaced. Farmers have long recognized this fact, and have been applying fertilizers 
to crop land in order to replace the nutrients removed during crop production for 
thousands of years. Often neither the original fertility level nor the removal of nutrients, 
nor the replacement of these nutrients is uniform over an entire field. The result is 
nutrient levels that vary considerably across a field. This spatial variability is 
documented much in literature and is caused both by nature (parent material, topography 
climate, native vegetation, etc.) and by man (crop, tillage, and other management 
practices). The recognition of this within-field variability in nutrient levels leads us to 
the desire for variable phosphorus (P) and Potassium (K) fertilizer applications. This is 
a logical goal from both an economical and an environmental standpoint. 
Traditionally fields have been managed as homogeneous units and have been 
fertilized with a single rate or blend of fertilizer. Varying fertilizer rates within field 
boundaries has not been widely practiced until recently for a number of reasons. Those 
reasons include (1) the ability to accurately document specific locations within a field 
was difficult, (2) the variability within a field was difficult to measure, understand, or 
estimate, (3) standard fertilizer application equipment was not designed to apply 
variable rates, and (4) it was difficult to evaluate how well a variable rate nutrient 
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application was accomplishing its goals. With the advent of precision agriculture 
technologies, such as differentially corrected global positioning systems (DGPS), yield 
monitors, geographic information systems (GIS), and variable rate application 
equipment, it is now possible to identify and locate different areas within a field and to 
vary rates and blends of fertilizers as the application equipment travels across the field. 
Yield monitors and GIS software also make it possible to develop procedures to monitor 
the effects of variable rate fertilization programs and other site-specific management 
practices. Now that it is possible to accurately record and locate specific locations 
within a field, and that developments in equipment allow for varying inputs within a 
field in a practical way, and that yield monitors make it possible to measure the results 
of management practices, the use of variable-rate technology is likely to become the 
dominate way to farm in the near future. 
The challenge of variable-rate fertilizer application can be divided into two 
components. The first challenge is to understand the spatial variability of a field in 
order to identify which areas need additional nutrients (and how much those areas need), 
and which areas do not need added nutrients. The economic success of variable rate 
applications depends on the ability of soil sampling to identify areas that will respond to 
added fertilizer and areas that will not respond, while keeping costs low. Sampling 
strategies vary markedly, especially in their sampling intensity and design. Since each 
soil sample costs time and money, it is necessary to understand the variability and to 
identify the responsive areas with as few soil samples as possible. The second challenge 
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is to apply these nutrients to the areas that need them in an economical manner and to 
measure yield response from each area independently in order to identify the areas that 
respond economically. This can now be accomplished with the use of several new 
technologies. Yield monitors equipped with DGPS receivers can record the yield for a 
small area along with the location from which it came. GIS software can then be used 
to process this yield data so it can be analyzed independently for the different areas or be 
used in statistical procedures that account for spatial correlation. 
This research involved two distinct studies. The first study assessed soil-test P 
(STP) and soil-test K (STK) levels in several Iowa corn and soybean fields by using 
different sampling schemes. Furthermore, the results were used to estimate the amount 
of fertilizer needed and the yield response expected if variable-rate fertilization were 
used based on these sampling schemes. The second study compared an existing 
variable-rate P fertilization program, offered by a central Iowa cooperative, with a more 
traditional fixed-rate (one rate over the entire field) fertilization program. In this study, 
several different statistical methods were used to compare the treatments. 
Thesis Organization 
This thesis is presented as two papers suitable for publication in scientific 
journals of the American Society of Agronomy. The title of the first paper is "Soil 
sampling strategies of soil phosphorus and potassium for site-specific management." 
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The title of the second paper is "Field and data analysis methodologies for on-farm 
evaluations of variable-rate phosphorus fertilization for com and soybeans." Each paper 
is divided in sections that include abstract, introduction with literature review, methods, 
results and discussion, conclusions, references, and tables. The papers are preceded by a 
general introduction and are followed by a general summary. 
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CHAPTERl 
SOIL SAMPLING STRATEGIES OF SOIL PHOSPHORUS AND POTASSIUM 
FOR SITE-SPECIFIC MANAGEMENT 
A paper to be submitted to Soil Science Society of America Journal 
David Wittry and Antonio Mallarino 
Abstract 
Within field variability of soil nutrients has been recognized for many years. 
Also recognized is the fact that this variability causes some areas of a field to be more or 
less responsive to added fertilizer than are other areas. Soil sampling is the most widely 
accepted way to estimate if the crops grown in the area that is represented by a particular 
sample will respond, with either increased yield or quality, to added fertilizer. Soil 
samples are also used to estimate what would be the economic optimum rate of fertilizer 
to apply. The best soil sampling strategy is the one that does the best job of estimating 
the economic optimum rate of fertilizer for each area. Site-specific crop management 
practices are a logical way to address variability and are becoming more popular as the 
technologies that suppmt them become more affordable. Questions remain as to how 
small an area can be economically treated separately and which is the best way to collect 
soil samples to represent the soil nutrient properties from these areas. This study 
6 
compared three soil sampling strategies and intensities for STP and STK. In one 
procedure (small-cell strategy), fields were subdivided into 0.2 ha cells. Samples were 
obtained by collecting 20 to 24 soil cores (15-cm deep) from a 30-m2 area surrounding a 
randomly chosen point within each cell and combining these cores into one composite 
sample for each cell. In the second procedure (large-cell strategy), the fields were 
subdivided into 1.4 to 1.8 ha cells. Samples consisted of 12 to 16 cores collected 
randomly from throughout the entire area of the cell and combined into one composite 
sample for each cell. The third procedure was a simulated sampling by soil-type 
strategy based on the point samples collected for the first (small-cell) procedure. Eight 
fields were studied over two years. Much variability was observed in all fields. The 
variability patterns did not match well either from field to field nor always from nutrient 
to nutrient within a field. This, along with the fact that different strategies 
recommended different amounts of fertilizer and different strategies cost different 
amounts to implement, suggests that a sampling strategy needs to be chosen carefully 
and may need to .change from field to field. The intensive small-cell sampling strategy 
described much more variability than did the large-cell or the soil-type strategies, which, 
if we assume that the more intense sampling is more accurate, suggests sampling by 
cells larger than 1.5 ha and sometimes by soil-type areas may lead to inaccurate 
fertilizer recommendations over much of a field. They may, however, remain more cost 
effective because the more intensive strategies cost more to implement. 
Using the results of these three sampling strategies to make recommendations 
7 
for simulated variable-rate fertilization programs determined widely different amounts 
of fertilizer recommended by the different sampling strategies. 
Introduction 
The process of growing and harvesting crops removes P and K from soils. 
These nutrients need to be replaced for the soil to remain productive. Soil testing is a 
useful tool to determine the P and K fertilizer needs of crops. The original fertility level, 
the removal of nutrients in harvested products, and the replacement of these nutrients 
with fertilizers usually is not uniform over an entire field. This variation is an important 
factor that limits the value of soil testing for nutrients. Soil variability is caused by 
variations in climate, topography, parent materials, vegetation, complex geological and 
pedological processes, and soil management practices. The variability of soil properties 
shows itself at many different scales and is scale-dependent (Parkin, 1993; Cahn et al., 
1994; Mallarino, 1996; Cambardella et al., 1994; Mallarino, 1996). At the regional scale 
climatic factors, land use patterns, vegetative cover, and land surface characteristics are 
the main factors affecting the variation. At the field scale the main factors controlling 
variability are soil type, topography, and previous crop and soil management practices. 
At smaller scales crop row orientation, nutrient application, tillage, and compaction 
dominate the causes of variation. 
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It is the within field variability that is of concern for soil testing and fertilizer 
application. Researchers and farm managers recognize that spatial variability in soil 
properties lead to differences in fertilizer needs and crop yields. Traditionally fertilizer 
has been applied at a single rate throughout a field (Carr et al., 1991; Sawyer, 1994; 
Scknitkey, 1996). Considering the high variability of nutrient levels present in most 
fields, uniform fertilizer applications are likely to lead to excessive fertilization in some 
areas and inadequate fertilization in others (Wibawa et al., 1993; Mohamed et al.,1996). 
Many researchers have shown that soil test levels of P and K vary considerably within 
fields. Different studies (Cahn, 1994; Cambardella et al., 1994; Mallarino, 1996; Nolin 
et al., 1996; Penney et al., 1996; Schnitkey et al., 1996; Gupta et al., 1997) have shown 
coefficients of variation ranging from 30% to 55% for P and from 19% to 43% for K. 
McGraw (1994) reported that of 392 fields sampled in western and southern Minnesota 
using grid sampling methods, the range of nutrients encompassed 4 or 5 of the five soil 
test classes in 86% of the fields for P and 61 % for K. Furthermore, the spatial structure 
of nutrient variability often is site and nutrient specific (Mallarino, 1996; Borges and 
Mallarino, 1997). 
Intensive sampling schemes that subdivide a field into smaller areas than those 
defined by soil types or topography show more variability and provide more information 
about soil test levels (Wibawa et al., 1993; Bullock et al., 1994; Birrell et al., 1996; 
Gotway et al., 1996; Rehm et al., 1996). The accuracy and the cost of a sampling 
program depends largely on the number of subdivisions and the sample size 
9 
(Wollenhaupt and Wolkowski 1994; Birrell et al., 1996; Gotway et al, 1996; Mohamed 
et al., 1996; Rehm et al., 1996). Some authors have recommended optimum subdivision 
sizes for cereal crops grown in north-central regions of the United States. Hammond 
(1993) recommended a grid size of approximately 60 x 60 m and suggested that 
subdivisions of 120 x 120 m or larger would be inappropriate. Wollenhaupt et al. 
( 1994) recommended ( 1) using grids no larger then 60 x 60 m and (2) to try to identify 
areas that might need smaller grids. Franzen and Peck (1995) reported that a 66 x 66 m 
grid cell was better than a 100 x 100 m cell. Mallarino and Wittry ( 1997) reported that 
cells larger then 0.8 ha. usually did not represent P and K levels appropriately. Han et 
al. (1994) summarized the problem well by concluding that the optimum size depends 
on the spatial variation and that an optimal sampling scheme will vary among fields. 
Several authors (Peck and Melsted, 1973; Franzen and Peck, 1993) reported that 
pH, P, and K patterns are not always related to soil types and suggested that grid 
sampling is thus superior to soil type sampling. Rehm et al. (1996) reports, however, 
that grid point sampling gives a poor estimate of the actual nutrient level within the grid. 
Furthermore, other research (Wollenhaupt and Wolkowski, 1994; Mallarino, 1996; 
Pocknee et a.I., 1996; ) suggests that a grid point sampling (i.e., sampling of small areas 
at the intersection of grid lines used to subdivide a field) can be biased if systematically 
aligned grids are used because periodic patterns of soil nutrients often are observed. 
The objectives of this study were (1) to compare soil sampling procedures that 
are being used or have been proposed to estimate STP and STK levels within fields for 
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com and soybean production, (2) to estimate the amount of P and K fertilizers that 
would be recommended by following each of the procedures evaluated, and (3) to 
estimate the crop yields attained by using each procedure. 
Methodology 
This soil sampling study involved eight fields over a two year period (1996 and 
1997). Two fields (Fields 1and2, in Boone County) were sampled in 1996 and were 
sampled again in 1997. Six more fields were sampled in 1997. Two were in Carroll 
County (Fields 3 and 4), two in Linn County (Fields 5 and 6), and two in Story County 
(Fields 7 and 8). All fields were in a two year com-soybean rotation with half of the 
fields planted to com and half planted to soybeans every year. In 1997 Fields 1, 3, 5, 
and 8 were planted to soybeans and the others to com. This was strictly a variability and 
sampling study and no treatments were applied. 
Three soil sampling strategies were developed to be used on all the fields. The 
three strategies were (1) a dense small-cell grid-point sampling, (2) a less dense or large-
cell sampling, and (3) a simulated, sampling by soil-type procedure. For the small-cell 
sampling strategy, maps of the fields were overlaid with a 0.2-ha systematic grid system. 
A location within each grid cell was chosen at random by geographic information 
system (GIS) software to be the sampling point. Hand-held differential global 
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positioning system (DGPS) units were used to locate the sampling points in the field and 
flags were used to mark the locations. Composite soil samples consisting of 20 to 24 
cores, 15 cm deep were taken randomly from within a 30 m2 circle surrounding the 
sampling points. For the large-cell sampling strategy, the fields were divided into 1.4 to 
1.8 ha cells. Soil samples were collected from these large cells only in 1997. In this 
instance, each composite sample consisted of 12-16 cores, 15 cm deep collected 
randomly throughout the entire area of the large cell. Within each field, the samples 
from the small cells and the samples from the large cells were collected on the same day. 
The soil-type sampling strategy was simulated using the sampling points of the small 
cells. Arc View GIS software was used to overlay a map of the USDA Soil Survey soil-
type information and a map of the soil sampling points. The soil test values for all the 
points that were located within each soil-type area were averaged to determine the value 
for that soil-type area. Samples were collected in both the spring and in the fall. The 
large-cell soil samples from the fall 1997 soil sampling at Field 8 were lost. 
The soil samples were dried in a forced-air oven at 35 °C, ground to pass a 2-mm 
screen, and analyzed in duplicates for P by the Bray-P1 method, for K by the IM 
ammonium acetate method (Brown, 1997) and for other nutrients that are not discussed 
in this report. Iowa State University soil-test interpretation classes for P and Kin com 
and soybean grain production will be used at times to classify soil test ranges in this 
report (Voss et al. , 1996). Ranges of values for the STP interpretation classes are 0 to 
8, 9 to 15, 16 to 20, 21 to 30, and greater than 31 mg/kg P for very low (VL), low (L), 
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optimum (Opt), high (H), and very high (VH), respectively. The values for similar 
ranges in STK are 0 to 60, 61 to 90, 91 to 130, 131 to 170 and greater than 171 mg/kg 
K, respectively. 
The spatial variability and patterns of the 0.2 ha samplings were studied by 
observation of coefficients of variation, soil test interpretation classes, maps created 
with GIS software, and correlation coefficients. Results of the different soil sampling 
strategies were compared by observation of several descriptive statistics and GIS maps. 
Maps and databases created with Arc View software were linked to databases containing 
the soil test information for each soil-sampling strategy. All three strategies were used 
to determine the percent of the field represented by each soil-test interpretation class for 
P and K. Fertilizer recommendations for each sampling strategy were made for each 
area or cell following Iowa State University's recommendations for one year's corn crop 
plus one year's soybean crop (Voss et al., 1996). An estimation of the yield response 
that could be expected based on the results of each sampling strategy was also 
calculated. A relative yield responses was estimated for each crop for all the soil-test 
classes based on response data from Iowa (Personal communication; A. P. Mallarino, 
Department of Agronomy, Iowa State University). The expected yield response for a 
field was calculated by summing, the expected yield response for each soil-test class 
multiplied by the percentage of the field that was identified as belonging to that soil-test 
class. 
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Results and Discussion 
A large amount of variability was observed in all eight fields. Table 1 relates the 
mean, maximum, and minimum values, the range, the number of soil-test interpretation 
classes encompassed, the standard deviation, and the coefficient of variation for STP 
measured with the 0.2-ha sampling for all fields. It is difficult to define what low or 
high variability is. Nolin et al. (1996) lists CV less than 15% as showing low levels of 
variability, CV 15 to 35% as showing moderate variability, and CV greater than 35% as 
showing high variability. Using this criteria, STP exhibits high variability for six of the 
fields and all the sampling dates. The other two fields are on the border of moderate and 
high variability. The classification of the variability as high for most of the fields is also 
supported by the number of STP interpretation classes observed within each field. Five 
fields have cells in all five of the STP interpretation classes for all sampling dates. Only 
Field 4, and only for the spring 1997 sampling date, did not have values in either four or 
five classes. Table 2 relates similar statistics for STK, and shows that STK does not 
exhibit as much variability as STP does. The CV for STK place its variability in or very 
near the range for moderate variability in all fields. With the exception of one field 
(again Field 4) all the fields encompass three or four STK interpretation classes. 
The nutrient maps that were created with the GIS software programs gave a good 
visual representation of the variability. Figure 1 shows area maps of the three soil 
sampling strategies for Fields 1, 2, 3, and 4 and figure 2 shows the same for Fields 5, 6, 
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7, and 8. Other maps created by GIS software showed that many times the soil-test class 
of bordering cells was different by two or three classes, and sometimes even four 
classes. The maps showed no apparent variability patterns that were similar from field 
to field. They did show, however, that the variability for a given nutrient in a given field 
followed similar patterns from spring to fall and from year to year. These maps also 
show that the variability patterns for the different nutrients sometimes, but not always, 
correlate well with each other. This is confirmed by the correlation coefficients shown 
in Table 3. The correlation of STP with STK is significant at the 0.01 level for all fields 
for at least one of the sampling dates. Fields 3, 4 and 5 had the highest and most 
consistent correlation coefficients for P with K, between 0.4 and 0.7. None of the other 
fields had correlation coefficients that were very consistent. 
Table 4 shows selected statistics for STP to illustrate the differences between the 
three soil sampling strategies in the eight fields. The range of soil-test values was 
always similar or larger for the small-cell than for either the large-cell or the sampling 
by soil-type strategies. Table 5 shows similar statistics for STK, and, again, the range in 
soil-test values was greatest for the small-cell strategy. It is likely that the large-cell and 
the sampling by soil-type strategies are showing a smaller range in values because they 
are missing some of the variation that the small-cell strategy is describing. Larger areas 
are represented by individual values for both the large-cell and the soil-type strategies, 
so there is less information available from these strategies than there is from the small-
cell strategy. The GIS maps also showed vast differences in the soil-test classes of P 
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and K for the small-cell versus large-cell or soil-type sampling strategies. Table 6 
shows the percentage of each field where the soil-test class of the small cells agrees 
with the soil-test class of the large cells. Only for STP in Field 1 and for STK in Field 2 
did more the one half of the small cells have soil-test classes similar to the large cells 
that contained them. 
Tables 7 to 14 show the percent of each field that is represented by each soil-test 
class for each soil-sampling strategy for both P and K. The tables also show the total 
amount of P and K fertilizer that would be recommended, the average fertilizer rate for 
the field, and the expected yield response to applied fertilizer for each field by each 
sampling strategy. The amount of fertilizer recommended by the different sampling 
strategies usually varied greatly. In Field 1, the mean soil test value for both P and K 
were higher for the large-cell sampling strategy than for the other two. Even though 
there were differences in the soil-test values, most were in the high or very high soil-test 
classes so there was very little fertilizer recommended by any of the strategies. In Field 
2 the soil-test values were generally one to two soil-test classes lower for the large-cell 
sampling strategy and this resulted in much higher fertilizer recommendations for both P 
and K. Results for Fields 3 and 5 were the opposite those for Field 2, with higher P and 
K soil-test values and less fertilizer recommended by the large-cell strategy. In Field 6 
less P fertilizer and more K fertilizer was recommended by the large-cell strategy. The 
soil-test values and fertilizer recommendations for Fields 4, 7, and 8 were similar for the 
three strategies. It is important to note that even when the amount of fertilizer 
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recommended by the different strategies is similar, the location within the field that 
receives the fertilizer or the heavier rates of fertilizer may still be different. Examples of 
this can be seen in Fig. 3, 4, and 5. 
In general, the small-cell sampling strategy and the soil-type strategy results 
tended to be more similar to each other than either are to the large-cell strategy. This 
result can be explained by three reasons. One is that the values for the sampling by soil-
type procedure were derived from the small-cell values. Another reason is that the large 
soil-type areas of the simulated sampling by soil-type strategy included more samples 
than each area of the large-cell procedure so the error probably was less (more soil cores 
collected from the field and more chemical analyses in the lab). Incidentally, this 
difference also is important when extrapolating results of the sampling by soil-type 
strategy simulated in this study with those commonly used in production agriculture. 
Common sampling procedures used in production agriculture often include fewer cores 
per sample than those used for any of the procedures in this study. Our results for all 
procedures should be considered as much less prone to sampling error. Yet another 
possible reason is that the variability in STP and STK within areas with uniform soil 
types was less than across the large cells, which did not follow soil-type or landscape 
boundaries. 
In the fields that the different sampling strategies recommended largely differing 
amounts of fertilizer the expected yield response is also very different (Tables 7 to 14). 
This suggests that the different strategies are assessing the fertility needs and yield 
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responses differently for the same fields. When different strategies show expected 
results that are markedly different, the challenge to farmers, consultants, or fertilizer 
dealers is to find the sampling strategy that will predict most accurately the true results 
in the field. That is, which areas of the field will actually respond to fertilizer and what 
rate of fertilizer will be optimal. 
The results of this study show that the amount of fertilizer applied by a variable-
rate fertilization program and the location of the areas within a field that receive 
different rates are likely to vary depending on the soil sampling strategy used. The 
results also suggest that, for these eight fields, both a sampling by soil-type strategy and 
a 1.5 ha or larger sampling cell will group together and thus miss much of the STP and 
STK variability within the field, and will guide applicators to apply a different amount 
of fertilizer over much of a field than would the small-cell (0.2 ha) strategy. The 
economic success of variable-rate applications depends on the ability of sampling 
strategies to identify areas that will respond to fertilizer and areas that will not respond, 
while keeping costs low. Many studies list the high cost of soil sampling or lack of 
response as the main problems that keep variable-rate fertilizer applications from being 
cost effective. Because these studies suggest that variability is large and usually is 
different for every field, it appears that the best sampling plan may well be some type of 
directed (Pocknee et al. , 1996) or targeted (Mallarino and Wittry, 1997) sampling in 
which all the information (soil-type maps, crop and fertilizer history, yield maps, old 
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soil tests, etc.) that is available is used. A preliminary sampling may be necessary if not 
enough other information is available. 
Conclusions 
The spatial variability of STP and STK was large for all fields. The results from 
the three sampling strategies were markedly different for most fields. The small-cell 
(0.2 ha) strategy described much variability that was not observed with the large-cell 
(1.5-1.9 ha.) or soil-type strategies. The large number of farmers and fertilizer dealers 
that are applying variable rate fertilizer based on grid soil sampling from cells that are 
1.5 ha or larger are still likely overapplying fertilizer in some areas and underapplying 
fertilizer in others. More intensive sampling strategies provide more information with 
which to base variable-rate fertilization and other site-specific crop management 
practices. However, costs of sampling and analysis can quickly erode potential benefits 
if the sampling intensity is too great. Because of the high costs associated with intensive 
sampling strategies and the differing amounts of fertilizer recommended when less 
intensive sampling strategies are used, some type of targeted sampling plan which will 
utilize other information (such as old soil samples, past cropping and fertilizer history, 
soil-type or yield maps, preliminary sampling, etc.) is the best strategy. 
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Table 1. Descriptive statistics of soil test P for the eight fields sampled. 
Season Field Mean Maxt Min Range SD CV STC 
---------------mg/kg---------------- --%--
Spring 1996 1 33 76 1 75 15.3 46.4 5 
2 21 84 1 83 13.0 60.7 5 
Fall 1996 1 35 66 1 65 16.3 46.8 5 
2 22 83 2 81 13.8 62.3 5 
Spring 1997 1 32 74 1 73 15.8 49.9 5 
2 31 93 1 92 16.8 53.7 5 
3 13 33 6 27 4.5 33.9 5 
4 9 15 4 11 2.7 31.6 2 
5 19 44 6 38 7.3 38.3 5 
6 14 31 7 24 6.0 41.6 5 
7 17 72 1 71 11.0 64.7 5 
8 12 78 1 77 12.0 100.0 5 
Fall 1997 1 31 74 1 73 16.1 52.5 5 
2 27 86 1 85 17.0 62.0 5 
3 11 29 6 23 4.4 38.7 4 
4 14 29 7 22 4.4 31.7 4 
5 20 45 7 38 7.5 36.7 5 
6 15 39 7 32 7.0 47.8 5 
7 9 37 1 36 6.7 74.4 5 
8 7 30 1 29 5.9 84.3 4 
tMax =Maximum soil-test value, Min= Minimum soil-test value, SD= Standard 
deviation, CV= Coefficient of variation, STC =Number of soil-test classes. 
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Table 2. Descriptive statistics of soil test K for the eight fields sampled 
Season Field Mean Maxt Min Range SD CV STC 
---------------mg/kg---------------- --%--
Spring 1996 1 136 216 77 139 28.9 21.2 4 
2 125 224 70 154 28.2 22.6 4 
Fall 1996 1 138 240 74 166 30.6 22.2 4 
2 148 362 72 290 49.0 33.2 4 
Spring 1997. 1 143 267 68 199 37.9 26.4 4 
2 154 286 95 191 37.9 24.7 3 
3 162 341 104 237 45.6 28.1 3 
4 145 224 109 115 24.l 16.6 3 
5 114 200 81 119 18.l 15.9 4 
6 112 349 64 285 39.5 35.4 4 
7 102 175 69 106 23 22.5 4 
8 126 265 68 197 38 30.2 4 
Fall 1997 1 172 293 94 199 35.1 20.4 3 
2 180 284 101 183 40.2 22.4 3 
3 188 423 115 308 58.0 30.8 3 
4 189 244 137 108 24.5 12.9 2 
5 165 216 122 94 20.7 12.5 3 
6 167 252 112 141 29.6 17.7 3 
7 136 222 87 135 32.2 23.7 4 
8 149 255 83 172 43.0 28.9 4 
tMax =Maximum soil-test value, Min= Minimum soil-test value, SD= Standard 
deviation, CV = Coefficient of variation, STC =Number of soil-test classes. 
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Table 3. Correlation between soil P and K for each field and sampling date. 
Correlation coefficients - P with K 
Field Spring 96 Fall 96 Spring 97 Fall 97 
1 
2 
3 
4 
5 
6 
7 
8 
tSignificant at the 5% level. 
tSignificant at the 1 % level. 
0.52+ 
0.31 + 
0.02 
0.32+ 
0.45+ 
024t 
0.53+ 
0.46+ 
0.66+ 
0.36+ 
0.41 + 
0.16 
o.24t 
-0.01 
o.55+ 
0.41 + 
0.60+ 
0.20 
0.24 
0.46+ 
Table 4. Descriptive statistics of soil test P comparing the different soil sampling 
strategies. 
Small-cell Large-cell Soil-type 
Field Mean Range SD Mean Range SD Mean Range SD 
-------------------------------------------mg/k:g----------------------------------------
1 32 73 15.8 43 62 19.4 31 43 12.5 
2 31 92 16.8 22 30 8.9 33 42 10.8 
3 13 27 4.5 18 8 3.0 13 5 2.0 
4 9 11 2.7 11 11 4.0 9 3 1.1 
5 19 38 7.3 34 35 13.0 5 20 1.3 
6 14 24 6.0 19 9 3.0 13 7 2.4 
7 17 71 11.0 15 17 5.0 16 16 4.7 
8 12 77 12.0 9 17 5.0 16 44 13 .6 
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Table 5. Descriptive statistics of soil test K comparing the different soil-sampling 
strategies. 
Small-cell Large-cell Soil-type 
Field Mean Range SD Mean Range SD Mean Range SD 
--------------------------------------------mg/~g---------------------------------------
1 143 199 37.9 172 73 19.4 145 196 38.6 
2 154 191 37.9 117 36 9.4 162 96 28.4 
3 162 237 45.6 197 49 17.0 167 91 36.5 
4 145 115 24.1 170 41 14.0 145 13 5.4 
5 114 119 18.1 154 68 25.0 116 25 5.9 
6 112 . 285 39.5 135 59 24.0 106 48 18.0 
7 102 106 23 .0 103 36 10.0 104 63 18.2 
8 126 197 38.0 137 107 30.0 118 72 23.4 
Table 6. Percentage of each field where the soil test class of the small cells agrees with 
the soil test class of the large cells. 
Field 
1 
2 
3 
4 
5 
6 
7 
8 
p K 
------%------
67.2 33.3 
27.7 55.6 
30.0 16.0 
46.2 34.6 
5.6 7.4 
33.3 40.7 
47.2 45.8 
45.3 28.0 
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Table 7. Percent of the field represented by each soil test class, amount of fertilizer 
recommended (average rate and total amounts), and expected yield response for 
each soil-sampling strategy for Field 1. 
Field 1 
Iowa State University 
Soil test class t fertilizer recommendationi 
Percent of area in each soil test 
class for each sampling strategy 
ST§ SC LC 
----------------%-----------------
--------------------------------------- Phosphorus ------------------------------------
VH 0 70 58 83 
High 0 20 17 0 
Opt 101 0 8 0 
Low 151 0 7 0 
VL 202 10 10 17 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to P fertilizer (%) -> 
20 
404 
3 
39 
777 
5 
34 
687 
5 
---------------------------------------- Potassium ------------------------------------
VH 0 6 21 58 
High 0 72 40 42 
Opt 118 21 3 0 0 
Low 185 1 9 0 
VL 235 0 0 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to K fertilizer (%) -> 
t VH = Very high, Opt = Optimum, VL = Very low 
27 
533 
1 
t Two-year recommendation for the com-soybean rotation. 
52 
1041 
2 
0 
0 
0 
§ST= Soil-type sampling strategy, SC= Small-cell sampling strategy, LC= Large-cell 
sampling strategy. 
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Table 8. Percent of the field represented by each soil test class, amount of fertilizer 
recommended (average rate and total amounts), and expected yield response for 
each soil-sampling strategy for Field 2. 
Field 2 
Iowa State University 
Soil test class t fertilizer recommendationt 
Percent of area in each soil test 
class for each sampling strategy 
ST§ SC LC 
----------------%-----------------
--------------------------------------- Phosphorus ------------------------------------
VH 0 73 52 0 
High 0 11 26 25 
Opt 101 0 3 25 
Low 151 17 10 33 
VL 202 0 9 17 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to P fertilizer (%) -> 
25 
498 
2 
36 
726 
5 
109 
2188 
12 
---------------------------------------- Potassillm ------------------------------------
VH 0 11 25 0 
High 0 71 45 0 
Opt 118 18 30 92 
Low 185 0 0 8 
VL 235 0 0 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amollnt for the field kg P 20 5 ----------> 
Expected yield response to K fertilizer(%) -> 
t VH = Very high, Opt = Optimllm, VL = Very low 
21 
425 
1 
t Two-year recoinmendation for the com-soybean rotation. 
35 
708 
1 
123 
2467 
4 
§ST= Soil-type sampling strategy, SC= Small-cell sampling strategy, LC= Large-cell 
sampling strategy .. 
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Table 9. Percent of the field represented by each soil test class, amount of fertilizer 
recommended (average rate and total amounts), and expected yield response for 
each soil-sampling strategy for Field 3. 
Field 3 
Iowa State University 
Soil test class t fertilizer recommendation+ 
Percent of area in each soil test 
class for each sampling strategy 
ST§ SC LC 
----------------%-----------------
--------------------------------------- Phosphorus ------------------------------------
VH 0 0 2 0 
High 0 0 3 36 
Opt 101 7 19 46 
Low 151 93 65 18 
VL 202 0 11 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to P fertilizer (%) -> 
148 
1770 
14 
140 
1675 
14 
74 
884 
5 
---------------------------------------- Potassium ------------------------------------
VH 0 0 4 100 
High 0 75 67 0 
Opt 118 25 26 0 
Low 185 0 4 0 
VL 235 0 0 0 
Effective rate (kg/ha P 20 5) --------------------> 30 3 7 0 
Total amount for the field kg P20 5 ----------> 354 446 0 
Expected yield response to K fertilizer (%) -> 1 1 0 
t VH = Very high, Opt = Optimum, VL = Very low 
t Two-year recommendation for the com-soybean rotation. 
§ST= Soil-type sampling strategy, SC= Small-cell sampling strategy, LC= Large-cell 
sampling strategy. 
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Table 10. Percent of the field represented by each soil test class, amount of fertilizer 
recommended (average rate and total amounts), and expected yield response for 
each soil-sampling strategy for Field 4. 
Field4 
Iowa State University 
Soil test class t fertilizer recommendationi 
Percent of area in each soil test 
class for each sampling strategy 
ST§ SC LC 
----------------%-----------------
--------------------------------------- Phosphorus ------------------------------------
VH 0 0 0 0 
High 0 0 0 0 
Opt 101 0 0 17 
Low 151 54 47 69 
VL 202 46 53 14 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P 20 5 ----------> 
Expected yield response to P fertilizer (%) -> 
174 
2094 
23 
178 
2136 
24 
150 
1796 
16 
---------------------------------------- Potassium ------------------------------------
VH 0 0 17 48 
High 0 100 53 52 
Opt 118 0 31 0 
Low 185 0 0 0 
VL 235 0 0 0 
Effective rate (kg/ha P 20 5) --------------------> 0 36 0 
Total amount for the field kg P20 5 ----------> 0 432 0 
Expected yield response to K fertilizer (%) -> 0 1 0 
t VH = Very high, Opt = Optimum, VL = Very low 
t Two-year recommendation for the com-soybean rotation. 
§ST= Soil-type sampling strategy, SC= Small-cell sampling strategy, LC= Large-cell 
sampling strategy. 
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Table 11. Percent of the field represented by each soil test class, amount of fertilizer 
recommended (average rate and total amounts), and expected yield response for 
each soil-sampling strategy for Field 5. 
Field 5 
Iowa State University 
Soil test class t fertilizer recommendationl 
Percent of area in each soil test 
class for each sampling strategy 
ST§ SC LC 
----------------%-----------------
--------------------------------------- Phosphorus ------------------------------------
VH 0 0 7 67 
High 0 4 25 33 
Opt 101 96 35 0 
Low 151 0 32 0 
VL 202 0 2 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to P fertilizer (%) -> 
97 
1164 
5 
88 
1053 
7 
0 
0 
0 
---------------------------------------- Potassium ------------------------------------
VH 0 0 2 17 
High 0 4 8 83 
Opt 118 96 85 0 
Low 185 0 5 0 
VL 235 0 0 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to K fertilizer (%) -> 
t VH = Very high, Opt = Optimum, VL = Very low 
113 
1359 
4 
t Two-year recommendation for the com-soybean rotation. 
110 
1315 
4 
0 
0 
0 
§ ST= Soil-type sampling strategy, SC= Small-cell sampling strategy, LC= Large-cell 
sampling strategy. 
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Table 12. Percent of the field represented by each soil test class, amount of fertilizer 
recommended (average rate and total amounts), and expected yield response for 
each soil-sampling strategy for Field 6. 
Field 6 
Iowa State University 
Soil test class t fertilizer recommendation+ 
Percent of area in each soil test 
class for each sampling strategy 
ST§ SC LC 
----------------%-----------------
--------------------------------------- Phosphorus ------------------------------------
VH 0 0 0 0 
High 0 0 17 33 
Opt 101 18 22 50 
Low 151 82 42 17 
VL 202 0 19 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to P fertilizer (%) -> 
142 
1704 
13 
124 
1488 
13 
76 
914 
5 
---------------------------------------- Potassium ------------------------------------
VH 0 0 3 0 
High 0 25 12 0 
Opt 118 66 59 50 
Low 185 9 26 50 
VL 235 0 0 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to K fertilizer (%) -> 
t VH = Very high, Opt = Optimum, VL = Very low 
95 
1134 
4 
t Two-year recommendation for the com-soybean rotation. 
118 
1413 
5 
152 
1818 
7 
§ ST= Soil-type sampling strategy, SC= Small-cell sampling strategy, LC= Large-cell 
sampling strategy. 
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Table 13. Percent of the field represented by each soil test class, amount of fertilizer 
recommended (average rate and total amounts), and expected yield response for 
each soil-sampling strategy for Field 7. 
Field 7 
Iowa State University 
Soil test class t fertilizer recommendationt 
Percent of area in each soil test 
class for each sampling strategy 
ST§ SC LC 
----------------%-----------------
--------------------------------------- Phosphorus ------------------------------------
VH 0 0 8 0 
High 0 26 16 11 
Opt 101 51 28 45 
Low 151 15 36 33 
VL 202 8 12 11 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to P fertilizer (%) -> 
90 
1264 
7 
107 
1496 
11 
118 
1645 
11 
---------------------------------------- Potassium ------------------------------------
VH 0 0 2 0 
High 0 7 12 0 
Opt 118 61 45 89 
Low 185 32 41 11 
VL 235 0 0 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P 20 5 ----------> 
Expected yield response to K fertilizer (%) -> 
t VH = Very high, Opt = Optimum, VL = Very low 
131 
1837 
6 
t Two-year recommendation for the com-soybean rotation. 
129 
1805 
6 
125 
1755 
5 
§ ST= Soil-type sampling strategy, SC= Small-cell sampling strategy, LC= Large-cell 
sampling strategy. 
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Table 14. Percent of the field represented by each soil test class, amount of fertilizer 
recommended (average rate and total amounts), and expected yield response for 
each soil-sampling strategy for Field 8. 
Field 8 
Iowa State University 
Soil test class t fertilizer recommendationi 
Percent of area in each soil test 
class for each sampling strategy 
ST§ SC LC 
----------------%-----------------
--------------------------------------- Phosphorus ------------------------------------
VH 0 1 5 0 
High 0 0 9 0 
Opt 101 36 9 11 
Low 151 19 39 45 
VL 202 44 38 45 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P 20 5 ----------> 
Expected yield response to P fertilizer (%) -> 
154 
2155 
19 
145 
2026 
18 
168 
2355 
21 
---------------------------------------- Potassium ------------------------------------
VH 0 0 9 11 
High 0 37 7 56 
Opt 118 63 50 22 
Low 185 0 14 11 
VL 235 0 0 0 
Effective rate (kg/ha P 20 5) --------------------> 
Total amount for the field kg P20 5 ----------> 
Expected yield response to K fertilizer(%) -> 
t VH = Very high, Opt = Optimum, VL = Very low 
74 
1041 
3 
t Two-year recommendation for the com-soybean rotation. 
85 
1189 
3 
46 
648 
2 
§ST= Soil-type sampling strategy, SC= Small-cell sampling strategy, LC= Large-cell 
sampling strategy. 
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Figure 1. Area maps showing soil-test P levels for the three soil sampling strategies for 
fields 1, 2, 3, and 4. 
Field 5 
Field 6 
Field 7 
Field 8 
Small-cell 
1111 ~~r~ ~~ 
• •• • 
• ••• • • 
•••••• ••  llll 
••••••• 
35 
large-cell 
Soil-test p 
c::J Very Low 
.. Low 
.. Optimum 
.. High 
.. VeryHigh 
L=iNoData 
Soil-type 
Figure 2. Area maps showing soil-test P levels for the three soil sampling strategies for 
fields 5, 6, 7, and 8. 
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Figure 3. Recommended K fertilizer for field 7 with three different sampling strategies. 
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Figure 4. Recommended P fertilizer for field 7 with three different sampling strategies. 
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Figure 5. Recommended K fertilizer for field 8 with three different sampling strategies. 
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CHAPTER2 
FIELD AND DATA ANALYSIS METHODOLOGIES FOR ON-FARM 
EVALUATIONS OF VARIABLE-RA TE PHOSPHORUS FERTILIZATION FOR 
CORN AND SOYBEANS 
A paper to be submitted to the Soil Science of America Journal 
David Wittry and Antonio Mallarino 
Abstract 
This study used precision agriculture technologies and field-scale strip trials to 
compare conventional (fixed-rate) phosphorus (P) fertilization and variable-rate P 
fertilization (a service offered by central Iowa cooperatives)for com (Zea mays L.) and 
soybean [Glycine max (L.) Merr.]. Differential global positioning system (DGPS) 
receivers, yield monitors, geographic information systems (GIS) and grid soil sampling 
were used. Variable-rate fertilization reduced the total amount of P fertilizer applied in 
three of four fields and increased yields in one field. Statistical analysis that accounted 
for spatial correlation of yield improved the evaluation of treatment effects. The results 
showed that a combination of traditional on-farm strip trials, precision farming 
technologies, and statistical methods that account for spatial correlation of yields can be 
used to obtain more thorough comparisons of management practices. 
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Introduction 
Phosphorus is one of the main nutrients often applied as a commercial fertilizer 
for crop production. The soil-test P level often varies within a field such that the optimal 
rate of P fertilizer also should vary within a field (Cahn, 1994; Cambardella et al., 1994; 
Gupta et al., 1997; Mallarino, 1996; Nolin et al., 1996). In the past, management or 
equipment capabilities have not permitted economical application of fertilizers on a 
differential basis within a field (Beverly, 1996; Nolin et al., 1996). Thus, the variability 
in nutrient levels over a field was often averaged and fields were managed as 
homogeneous units with a single rate of P fertilizer (Kachanoski and Fairchild, 1994; 
Wollenhaupt, et. al. 1994 ). Applying one rate of fertilizer over the entire field often 
overapplies fertilizer is some areas and underapplies fertilizer in others. McGraw, (1994) 
reported that of 392 fields sampled in western and southern Minnesota using dense grid-
sampling methods, the range of nutrients encompassed 4 or 5 of the five soil test classes 
in 86% of the fields for P. Variable-rate application has the potential to reduce costs 
where fixed-rate fertilization would over apply fertilizer and to increase yields where 
fertilizer would be underapplied (Bullock et al., 1994; Cahn et al., 1994; Fixen, 1994; 
Hammond, 1994; McGraw, 1994; Franzen and Peck, 1995; Heiniger, 1996; Long et al., 
1996). Furthermore, variable-rate fertilization has the potential to reduce excess 
fertilization and to improve environmental quality (Mulla, 1993; Sawyer, 1994; Franzen 
and Peck, 1995; Mohamed, 1996; Scknitkey, 1996; Gupta et al., 1997). Increased soil 
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sampling and analytical costs can easily erode potential economic benefits of variable rate 
fertilization compared with fixed-rate fertilization. 
Even though there is much potential benefit, there are a number of reasons why 
varying fertilizer rates within field boundaries had not been widely practiced before the 
last few years. Some reasons include (1) the ability to accurately document specific 
locations within a field was difficult, (2) the variability within a field was difficult to 
measure, understand, or estimate, (3) standard fertilizer application equipment was not 
designed to apply variable rates, and ( 4) it was difficult to access how well a variable rate 
fertilization program was accomplishing its goals. With the advent of precision 
agriculture technologies (DGPS, yield monitors, GIS, and variable rate application 
equipment) and continued decrease in their costs, these limitations are disappearing. 
Maps of harvested yield created by combines equipped with yield monitors and DGPS 
receivers can be used to monitor the effects of variable rate fertilization programs and 
other site specific management practices (Colvin et al., 1991; Birrell et al., 1993; 
Lachapelle et al., 1994; Oyarzabal et al., 1996). 
On-farm research on the basis of strip plots is an accepted methodology for 
complementing traditional small-plot research, for generating local recommendations, 
and for demonstrating management practices (Rzewnicki et al., 1988; Shapiro et al., 
1989). Treatments are applied to narrow and long strips (usually of the length of the 
fields), and the grain is harvested with common combines and weighed using large 
capacity balances. Precision agriculture technologies can be successfully adapted to these 
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types of field trials (Oyarzabal et al., 1996; Mallarino and Wittry, 1997). 
Intensive soil sampling and variable-rate fertilization can improve the efficacy of 
fertilization compared with the conventional practice of collecting soil samples from 
large areas and using single-rate fertilizer applications. Although variable-rate 
fertilization can be used on the basis of the traditional sampling of areas identified on the 
basis of soil types, landscape, or previous management many people believe that it should 
be based on intensive grid sampling. Once the distribution of soil nutrients over a field is 
estimated, the use of variable-rate technology allows for the application of fertilizers as 
needed. The impact of this practice on soil fertility management and farm profitability 
depends on several factors. Some important ones are the nutrient levels in relation to 
crop needs, nutrient variability, the fertilizer recommendations used, expected crop 
response, and additional costs. Even if economic benefits are not obtained in all 
situations intensive soil sampling and variable-rate fertilization are likely to reduce the 
amount of nutrients applied, which could be environmentally beneficial. 
In this article we report the methodology used and results of four on-farm 
experiments conducted in cooperation with a farmer's cooperative. The objectives were 
(1) to adapt precision agriculture technologies to strip-trial methods commonly used by 
farmers, cooperatives, and agribusiness and (2) to evaluate com and soybean response to 
fixed or variable P fertilization. 
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Methodology 
The P response study involved field strip-trials established on four fields. Two 
trials were conducted in 1996 (Com 1 and Soybean 1) and two in 1997 (Com 2 and 
Soybean 2). All fields had uniform P fertilization in the past. The P treatments were a 
nonfertilized control, a fixed P rate, and a variable rate in which rates varied depending 
on soil-test P interpretation classes measured from soil samples collected before planting. 
Soil samples were collected following a systematic grid-point sampling scheme in which 
grid lines were spaced 13 3 m apart in both directions ( 1. 8 ha cells). This sampling 
method is commonly used by farmers and cooperatives that use variable-rate fertilization 
in Iowa. The sampling area at each point was approximately 30 m2 in size. Composite 
soil samples (6 to 10 cores from a 15-cm depth) were collected from each sampling area. 
The soil samples were analyzed for P by the Bray-P1 method (the most commonly used in 
Iowa) and other nutrients. The few soil samples with pH 7.0 or above were analyzed by 
the Olsen-P method and the Bray-P1 data were adjusted as needed. 
An area of approximately 20 ha of each field was selected for the experiments. 
The width of each experimental area was divided into blocks measuring 55 min width. 
The blocks corresponded to replications of the experimental designs, and there were four 
in the two com trials, four in the Soybean 1 trial, and five in the Soybean 2 trial. Each 
block was further subdivided into three strips to fit three treatments for each block. The 
measurements were made with a measuring tape or wheel and georeferences were 
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recorded with a hand-held global positioning receiver equipped with DGPS. The strips 
were the experimental units that received the different treatments. The length of the 
strips varied from 670 to 800 m among fields (without considering approximately 40 m of 
border on each end) but were uniform within each field. The P fertilizer was granulated 
diammonium phosphate in the Com 1 and Soybean 1 trials and monoammonium 
phosphate in the others. It was applied after soil sampling and before planting using a 
bulk fertilizer spreader truck equipped with a DGPS receiver and a computer-controller. 
Additional N fertilizer was applied for the com trials at rates that varied between 120 and 
150 kg N/ha among fields. The fixed P rate used was uniform within a field but varied 
between 46 and 52 kg P/ha among fields, and was selected by the farmers based on 
expected two-year P removal in com and soybean grain. The amount of P applied and the 
number of rates of the variable-rate treatment varied among fields and replications within 
fields and was determined by soil-test P measurements made before planting. No P was 
applied when soil-test P was very high (31 mg P/kg or higher) and the rate varied from 35 
to 58 kg P/ha for other soil-test classes. 
Plant samples were collected when the com and soybean plants were at the V 4 to 
V 6 growth stage from each treatment strip. Flags were used to mark a point, centered 
between the 133 m grid lines along the rows, and in the center of the treatment strips 
across the rows. The above ground portion of 10 plants were collected from an area 20 
m2 surrounding these sampling flags. The plant samples were dried at 60°C, weighed, 
and ground to pass a 2-mm screen. Plant dry weight (DW) is reported on a per-plant 
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basis. Total P was extracted by digesting samples with sulfuric acid and hydrogen 
peroxide (Digesdahl Analysis System, Hatch Inc.,CO). The P in the extracts (PC) was 
measured by colorimetry (Murphy and Riley, 1962) and plant P uptake (PU) was 
calculated from DW and PC and is expressed on a per-plant basis. 
Grain yields at all fields were measured and recorded using combines equipped 
with yield monitors and real-time DGPS receivers. The yield monitors used were impact 
flow-rate sensors (Ag Leader 2000, Ag Leader Technology, Ames, IA) and the 
differential corrections were obtained through the U.S. Coast Guard AM signal. The 
monitors recorded yields every second. The spatial accuracy was checked by 
georeferencing several positions in the field with a hand-held DGPS receiver. The yield 
data were unaffected by field borders because the experimental areas were located at least 
40 m from any border. While harvesting, each combine trip (a 4.5-m swath in cornfields 
and a 7.5-m swath in soybean fields) was identified with a unique number that was 
recorded with the georeferenced yield data. The raw yield data recorded by the yield 
monitors were carefully analyzed for errors that commonly occur when using yield 
monitors (data wrongly georeferenced because of loss of differential correction, effects of 
waterways or grass strips, and others). These errors were corrected or deleted by using 
Arc View GIS 3.0 (ESRI, 1997) and computer spreadsheets. The few combine trips that 
included a mixture of two treatments were not used in the analyses. The data were 
exported from Arc View as text files for analysis with the SAS statistical package (SAS 
Institute, 1996). 
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The yield responses were analyzed by four procedures. Three procedures 
analyzed treatment effects on yield assuming a randomized complete block design 
(RCBD) with or without considering the spatial correlation of yield, the fourth procedure 
assessed treatment effects for parts of the field with different soil-test P interpretation 
classes. In one procedure, yields were analyzed by the conventional RCBD and the yield 
data input were yield means for the strips (i.e., the experimental units). In two 
procedures, the spatial correlation of yields was accounted for in the analysis of variance. 
With this objective, nearest neighbor analysis was used in one procedure (NNA) and a 
modeled semivariogram in the other (SEM). Adjusting for the spatial correlation could 
reduce the experimental error and could make the analysis more sensitive in discerning 
treatment differences. Previous studies (Hinz, 1987; Bhatti et. al., 1991; Hinz and Lagus, 
1991; Marx and Stroup, 1993; and Stroup et al., 1994) have shown the advantages of 
using NNA or the "mixed" procedure of SAS (SAS, 1996) to adjust spatially correlated 
data in different ways. In this study, NNA was used by calculating the residuals of 
subtracting each yield observation from the mean value of its neighbors and including the 
residuals as a covariate in the analysis of variance. Several types of covariates were 
calculated by using different numbers of neighbors but only results of using four 
neighbors (one from each N, S, E, and W direction) are shown because it was the most 
effective in reducing standard errors of treatment means. For the SEM procedure, initial 
estimates of the sill, nugget, and range parameters of a spherical isotropic semi variance 
model were calculated on a data set of residuals after running a conventional analysis of 
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vanance. In a second step, these estimates were included in appropriate statements of the 
mixed procedure of SAS to estimate treatment effects on yields. The yield input data for 
these two analyses were means for small areas of a width defined by each combine trip 
(4.5 min com and 7.5 min soybean) and 17 m or 33 m (in 1996 and 1997 respectively) 
in the direction along the crop rows. The individual yield data recorded every second by 
the yield monitors were not directly considered because of their known lack of accuracy 
over short distances (Lark et al., 1997). 
The fourth procedure assessed treatment effects separately for different parts of 
the experimental areas with soil-test P levels in different interpretation classes following a 
procedure described by Oyarzabal et al. (1996). This procedure provides support for 
mapping techniques that could show treatment differences over a field (such as absolute 
or relative yield increases due to fertilization). The method was used for other nutrients 
as well but is demonstrated in this article only for soil-test P. The yield input data were 
means for areas defined by the width of each strip (18 m) and the separation distance of 
the soil sampling grid lines (133 m) in the direction along crop rows (0.24 ha). The soil-
test input data were the soil-test P values from areas defined by the width of each 
replication (55 m) and the separation distance of the sampling grid lines in the direction 
along crop rows (0.73 ha). Each yield value was classified according to the soil-test P 
interpretation class of the area. In this study, there were very few values in the very low 
or very high classes so they were included in the low or high class, respectively. The 
analysis of variance included estimates of "soil-test P group" and interaction "treatments 
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by soil-test P group" effects. The soil-test P groups were considered as repeated measures 
within the experimental units. A significant interaction "soil-test group by P fertilization" 
suggests that treatment effects differed for areas of the field with different soil-test P 
levels. 
Treatment effects on plant DW, PC, and PU were analyzed by two of the 
procedures. One procedure was the conventional RCBD analysis, in which the means for 
each treatment strip (i.e., the experimental units) as the plant input data. The other 
procedure used was the fourth procedure described above that considered STC of 
different areas but using the plant data in place of yields. 
Results and Discussion 
The results of the 1.8 ha. grid soil sampling in the fields of the trials showed large 
nutrient variability in all four fields. Table 1 shows descriptive statistics for selected soil-
test values. The STP levels within the Com 1 and Com 2 trials encompassed all five 
categories used by Iowa State University, and the Soybean land Soybean 2 trials 
encompassed four of the five categories. No soil-test was in the VL category in the 
Soybean 1 field and no soil-test was in the VH category in the Soybean 2 field. According 
to the Iowa State University P fertilizer recommendations for com and soybeans, a 
moderate to large yield response to P should be expected in the VL or L categories, small 
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or no yield response should be expected in the Opt category, and no response should be 
expected within the H or VH categories. Thus all four fields have areas where a yield 
response to P fertilizer would be expected. 
Table 2 shows the treatment means for the measurements collected from the four 
trials when plants were at the V4 to V6 growth stage. Observation of the treatment means 
suggest that P fertilization increased plant DW, PC, and PU in all fields. These responses 
could be expected because, although significant areas of the fields tested optimum or 
above in soil-test P, previous research showed that optimum soil-test P levels for early 
plant growth and P uptake are higher than for grain yields (Borges and Mallarino, 1997). 
These responses did not reach statistical significance in all fields, however. The 
conventional RCBD analysis of variance showed no difference between the fixed rate and 
the variable rate at any of the trials for any of the early plant characteristics. The analysis 
showed, however, a response to P fertilizer ofDW and PU for the Corn 2 and Soybean 2 
trials. There was also a response of PC for the Soybean 2 trial. Observations of treatment 
means for the fixed versus variable fertilization treatments show little and no consistent 
differences across measurements and fields. The analysis of variance showed that the 
small differences between these two treatments never reached the 0.10 level of 
significance. The results suggest that, although P fertilization tended to increase all three 
plant measurements at the four fields, available soil P was especially limiting for early 
crop growth on the Corn 2 and Soybean 2 fields. Results also show that the two 
fertilization methods did not differ. 
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The treatment means and statistics of the analysis procedure that evaluated 
treatment differences on the plant measurements for areas of the field with different STP 
are shown in Table 3. Observations of the means and statistics suggests that the effects of 
the treatments were similar independently of the area of the field and of differences in 
STP. This lack of significant differences in the response of early crop growth and P 
content to P fertilization for areas with low or high soil-test P is not rare in field 
experimentation and could be explained by several reasons. One possible explanation is 
that no soil sampling cell tested very low in the Soybean 1 trial and only one cell tested 
very low (8 mg/kg) in the Corn 1 and Soybean 2 trials. Thus, probably there was no 
extreme P deficiency in most areas of the fields. Another explanation, related to the 
previous one, is that P fertilization often increases early DW and P content even in soils 
testing high in P. Thus, P fertilization could have had rather uniform small effects over 
the entire area of each field. Another possible explanation is that crop yields are affected 
by many factors other then soil-test P, and these other growth factors could have had 
more influence on yields then did soil test P and thus have masked any effect of P 
fertilization. Also, soil tests are not perfect estimates of nutrient availability. Usually 
there is high sampling error (Peck and Melsted, 1973; Mallarino and Wittry, 1997) and a 
sample may not represent an area appropriately. This explanation seems very likely in 
these studies because soil samples attempted to represent areas 1.8 ha in size and only 6 
to 10 cores were collected from the central point of each sampling area. The results from 
the first part of this study suggested that 1. 8 ha cells will miss much of the variability 
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measured by smaller cells. The cell size used may have been too large for an effective 
variable-rate fertilization program. This has also been suggested by other soil sampling 
and/or fertilization studies (Lachapelle e al., 1994; Wollenhaupt et al., 1994; Franzen and 
Peck, 1995; Mallarino and Wittry, 1997). 
Table 4 shows the treatment means for yields of the four trials. The randomized 
complete block (RCBD) analysis uses the observed (unadjusted) yields. The nearest 
neighbor analysis (NNA) and the mixed model semivariogram analysis (SEM), adjust 
each value for spatial correlation and then use the means of the spatially adjusted values 
for their analyses. The table also shows average standard errors (SE) of the difference 
between two means, and levels of significance for fertilizer effects and for the fixed rate 
vs variable rate treatment effects. Comparisons of the observed treatment means, and 
those obtained by adjusting for spatial correlation show little real difference. Although 
there were some differences in actual values, the rankings of the treatments usually were 
similar for the three procedures. 
The RCBD analysis showed a moderate response to fertilization in the Com 2 trial 
and no major fertilization effects in the other trials. At the responsive Com 2 trial, the 
yield for the variable-rate treatment was higher than for the fixed-rate treatment, however, 
this was not significant. A potential advantage of adjusting for spatial correlation is to 
remove the error caused by spatial correlation and thus improve the statistical tests for 
treatment effects. Data in the table show that adjusting for spatial correlation always 
reduced standard errors and increased the levels of significance of treatment effects. This 
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adjustment resulted in a different interpretation of the results in some trials but not in 
others. The statistics for all procedures showed that fertilization did not have an affect on 
yields in the Com 1 trial at commonly used probability levels. At the other trials, the 
statistical interpretation of the results differed for the three procedures. At the Com 2 
trial, all procedures detected a positive effect of fertilization but only the NNA procedure 
confirmed an obvious higher yield for the variable-rate treatment. At the Soybean 1 trial, 
only the SEM procedure detected a very small advantage for the fixed-rate treatment. At 
the Soybean 2 trial, the two procedures that adjusted for spatial correlation confirmed the 
higher yields for the fertilized treatments but only the NNA procedure confirmed a small 
advantage for the fixed-rate treatment. 
The differences in adjusted means and standard errors between the NNA and SEM 
procedures were small and inconsistent among trials. Although differences cannot be 
explained with complete certainty, they likely were related to the way in which the spatial 
correlation is accounted for by the NNA and SEM procedures, and the assumptions 
involved in each procedure. Observation of isotropic sample semivariograms for these 
fields (not presented here) showed evident spatial structures, good fits of the spherical 
models, and suggested no obvious explanation for the differences between the two spatial 
adjustment procedures. The fact that using more than four neighbors did not improve the 
NNA analysis suggests that the correlation is strongest for observations that are closest 
together and rapidly decreases as the observations get farther apart. Thus a covariate 
calculated from few residuals may have accounted for localized variability better than 
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procedures that considered greater number of observations. The results also suggest that 
the NNA procedure was more effective than the SEM procedure when treatment 
differences were large (i.e., at the Com 2 and Soybean 2 trials). Since the Com 1 and 
Soybean 1 trials were side by side at one site in 1996 and Com 2 and Soybean 2 were side 
by side at a different site in 1997, another possible explanation is that the spatial 
correlation was similar for two trials at the same site, but different from site to site or 
from year to year. 
Results of the procedure that assessed treatment effects for areas of the field with 
different soil-test P values, suggest that within-field variation in soil-test P influenced the 
effect of P fertilization only in the Com 2 trial. This is suggested by the data shown in 
Table 5. At the Com 2 trial, there was a significant (at the 0.06 level of significance) 
interaction between the treatments and the soil-test classes, and responses were greater 
when soil-test P was within the low interpretation class. The significance of the 
interaction probably was not higher because of a small responsive trend observed at the 
high soil-test interpretation class. At the other three trials, the interactions between the 
treatments and the soil-test classes were not significant and the ranking of the means 
among the soil-test classes was similar. 
The lack of significant crop response to P fertilization for areas with low soil-test 
P in the Com 1, Soybean 1, and Soybean 2 trials, although not expected, is not rare in 
field experimentation and could be explained by several reasons. One possible 
explanation is, that because no soil sampling cell tested very low in the Soybean 1 trial 
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and only one cell tested very low (8 mg/kg) in the Com 1 and Soybean 2 trials the 
expected response to P would not be very large. Another possible explanation is that crop 
yields are affected by many factors other then soil-test P, and these other growth factors 
could have had more influence on yields then did soil test P and thus have masked any 
effect of P fertilization. Also, soil tests are not perfect estimates of nutrient availability. 
Usually there is high sampling error (Peck and Melsted, 1973; Mallarino and Wittry, 
1997) and a sample may not represent an area appropriately. This explanation seems very 
likely in these studies because soil samples attempted to represent areas 1.8 ha in size and 
only 6 to 10 cores were collected from each sampling area. The results from the first part 
of this study suggested that 1. 8 ha cells will missed much of the variability measured by 
smaller cells. It is likely this was also the case in the fields of the trials. The STP levels 
may have been higher for much of the cell then was measured at the center of the cell. It 
is very likely that the cell size used was too large for an effective variable-rate 
fertilization program. This has also been suggested by other soil sampling and/or 
fertilization studies (Wollenhaupt et al., 1994; Franzen and Peck, 1995; Mallarino and 
Wittry, 1997; Lachapelle e al., 1994). Moreover, even with a perfect sampling, analyses 
of soil samples collected before planting and from the top 15-cm of soil can only predict 
the amount of P available to plants over the entire growing season, and errors should not 
be surprising. A failure of the yield monitors to measure yields appropriately over crop 
row distances of 133 mis possible but unlikely. 
Reducing total costs is often the reason behind a farmer wanting to switch to 
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variable rate fertilizer application. The total amount of fertilizer applied over a field by 
each method along with the sampling and application cost will determine the economic 
benefit. In this study, the average amount of P fertilizer used with the variable-rate 
treatment compared with the fixed-rate treatment were 2 kg P/ha more at the Com 1 trial, 
2 kg P/ha less at the Soybean 1 trial, 3 kg P/ha less at the Com 2 trial, and 6 kg P/ha less 
at the Soybean 2 trial. Of course, these differences cannot be extrapolated to other fields 
because differences depend on the rates used and on the level and distribution of soil test 
values within a field. Consideration of differences in the amount of fertilizer applied, 
crop yields, and costs (equipment, soil sampling, etc.) determine the economic benefit of 
variable-rate fertilization. A complete economic analysis is beyond the scope of this 
article because of the variety of assumptions and scenarios that should be involved and 
because data were collected only from four fields. It is fairly obvious, however, that 
variable-rate fertilization did not offset additional costs in the Corn 1 and Soybean 1 trials 
and increased the benefits from fertilization in the other two trials. The advantages and 
disadvantages of fertilization methods largely depend on the conditions at each field and 
for each growing season. Although the economic benefit of variable-rate fertilization will 
vary greatly among fields, it will likely result in more efficient and environmentally sound 
distribution of fertilizers when it is based on reliable estimates of nutrient availability and 
when soil nutrients within a field vary from deficient to above-optimum levels. 
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Conclusions 
The yield response to P fertilization and to the method of application varied 
among fields. The P fertilization increased early plant growth, early P uptake, and grain 
yield for one com field and one soybean field. The effects of the fertilization method on 
yields was not consistent. The variable-rate method was better in the com field and the 
fixed-rate method was better in the soybean field. However, in both instances the 
differences in fertilization methods were not significant (P > .05). The variable-rate 
method reduced considerably the total amount of P fertilizer applied in two of four fields 
and increased yields in one field. The benefits of variable-rate fertilization will vary 
greatly among fields but will likely result in more efficient and environmentally sound 
distribution of fertilizers when it is based on reliable estimates of nutrient availability and 
when soil nutrients within a field vary from deficient to above-optimum levels. Statistical 
analysis that accounted for spatial correlation of yield improved the evaluation of 
treatment effects. The results showed that a combination of traditional on-farm strip 
trials, precision farming technologies, and statistical methods that account for spatial 
correlation of yields can be used to obtain more thorough comparisons of management 
practices. 
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Table 1. Descriptive statistics for selected soil tests for four strip trials. 
Trial Soil test Mean Minimum Maximum SD 
Corn 1 P (mg/kg) 18 8 34 8 
K (mg/kg) 205 165 296 37 
pH 6.7 5.8 7.8 0.7 
Org. matter (g/kg) 35 28 44 5 
Corn2 P (mg/kg) 15 6 35 8 
K (mg/kg) 142 100 206 27 
pH 6.2 5.7 7.5 0.5 
Org. matter (g/kg) 35 2 49 7 
Soybean 1 P (mg/kg) 22 13 96 18 
K (mg/kg) 187 132 347 43 
pH 6.3 5.8 8 0.6 
Org. matter (g/kg) 32 23 39 4 
Soybean 2 P (mg/kg) 16 8 24 5 
K (mg/kg) 177 141 229 24 
pH 5.9 5.7 6.2 0.1 
Org. matter (g/kg) 27 21 35 4 
Table 2. Effect of P fertilization on early plant growth and P content of com and soybean at four field trials. 
Plant Treatment Significance 
Trial characteristic t Unit Control Fixed Variable P effect F vs. vi 
Plant characteristic means ------- p > F -------
Com 1 DW g/plant 0.91 1.04 0.96 0.109 0.165 
PC g/kg 2.97 3.09 3.08 0.304 0.927 
PU mg/plant 2.81 3.26 3.11 0.184 0.625 
Com2 DW g/plant 1.68 1.89 1.87 0.028 0.801 
PC g/kg 4.24 4.32 4.24 0.595 0.368 
0\ PU mg/plant 7.12 8.19 7.96 0.036 0.584 N 
Soybean 1 DW g/plant 1.79 1.81 1.81 0.752 0.931 
PC g/kg 3.15 3.22 3.24 0.120 0.672 
PU mg/plant 5.67 5.84 5.87 0.394 0.883 
Soybean 2 DW g/plant 1.98 2.51 2.39 0.010 0.480 
PC g/kg 3.44 3.57 3.61 0.009 0.460 
PU mg/Qlant 6.83 9.00 8.61 0.008 0.566 
t DW =plant dry weight, PC = plant P concentration, and PU = plant P uptake. 
t F = fixed rate and V = variable rate. 
63 
Table 3. Effect of P on plant characteristics measured at the V 4 to V 6 growth stage for 
areas of four fields having different soil-test P values. 
Soil-test P class 
Trial Treatment Low Optimum High Statistics t 
Plant dry weight (g/plant) 
Com 1 Control 0.89 1.06 0.82 
Fixed 1.03 1.07 1.01 0.97 
Variable 0.95 1.07 0.87 
Com2 Control 1.79 1.57 1.49 
Fixed 2.00 1.75 1.74 0.79 
Variable 1.95 1.57 1.90 
Soybean 1 Control 2.08 1.71 1.64 
Fixed 1.79 1.75 1.91 0.10 
Variable 1.91 1.81 1.72 
Soybean 2 Control 1.82 2.03 2.16 
Fixed 2.26 2.48 2.90 0.48 
Variable 2.30 2.09 2.86 
Plant P concentration (g/kg) 
Com 1 Control 2.91 2.97 3.06 
Fixed 3.00 3.00 3.32 0.84 
Variable 3.07 3.12 3.06 
Com2 Control 4.23 4.15 4.32 
Fixed 4.34 4.47 4.17 0.36 
Variable 4.20 4.12 4.40 
Soybean 1 Control 3.24 3.13 3.10 
Fixed 3.38 3.16 3.17 0.98 
Variable 3.36 3.16 3.25 
Soybean 2 Control 3.44 3.32 3.57 
Fixed 3.59 3.47 3.66 0.73 
Variable 3.66 3.57 3.59 
Plant P uptake (mg/kg) 
Com 1 Control 2.75 3.28 2.55 
Fixed 3.17 3.26 3.40 0.93 
Variable 3.15 3.38 2.83 
Com2 Control 7.57 6.50 6.46 
Fixed 8.72 7.85 7.18 0.62 
Variable 8.15 6.46 8.49 
Soybean 1 Control 6.79 5.35 5.11 
Fixed 6.04 5.51 6.05 0.46 
Variable 6.40 5.71 5.62 
Soybean 2 Control 6.24 6.72 7.78 
Fixed 8.15 8.65 10.63 0.77 
Variable 8.43 7.46 10.20 
t Level of significance of the interaction between treatments and soil-test classes. 
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Table 4. Effect of P fertilization on corn and soybean grain yields as evaluated by three 
methods of analysis for four strip trials. 
Treatment Method of analysis t 
Crop and statisticsl RCBD NNA SEM 
--- kg/ha and level of significance ---
Corn 1 Control 11238 11251 11080 
Fixed 11104 11102 11018 
Variable 11204 11193 11061 
SE 135.3 61.9 36.3 
Main effect 0.62 0.13 0.24 
Fvs. V 0.49 0.20 0.22 
Corn2 Control 9039 9045 9130 
Fixed 9182 9186 9251 
Variable 9321 9311 9306 
SE 86.9 13.6 40.9 
Main effect 0.05 0.01 0.01 
Fvs. V 0.16 0.01 0.17 
Soybean 1 Control 4017 4024 4046 
Fixed 4118 4116 4073 
Variable 4080 4075 4037 
SE 70.1 36.1 15.6 
Main effect 0.40 0.11 0.05 
Fvs. V 0.61 0.31 0.02 
Soybean 2 Control 2744 2742 2682 
Fixed 2803 2805 2767 
Variable 2755 2754 2740 
SE 36.9 7.4 21.1 
Main effect 0.29 0.01 0.01 
Fvs. V 0.23 0.01 0.18 
t RCBD = observed means and statistics for the randomized complete block design, 
NNA = analysis combined with nearest neighbor analysis, and SEM = SAS proc mixed 
analysis including a spherical semivariance model. 
t SE = average standard error of the difference between two means, F vs. V = comparison 
of the fixed and variable fertilization treatments. 
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Table 5. Mean grain yield as affected by fertilization for areas of four fields having 
different soil-test P values. 
Soil-test P class 
Low OQtimum High 
Trial Treatment Yield spt Yield SP Yield SP Statistics! 
kg/ha mg/kg kg/ha mg/kg kg/ha mg/kg 
Com 1 Control 11342 10994 11128 
Fixed 11124 12 10784 16 11188 28 0.93 
Variable 11279 10905 11207 
Com2 Control 8957 9378 8919 
Fixed 9155 10 9370 17 9118 26 0.06 
Variable 9333 9341 9280 
Soybean 1 Control 4060 4004 4006 
Fixed 4138 14 4131 18 4101 41 0.44 
Variable 4065 4086 4089 
Soybean 2 Control 2817 2635 2765 
Fixed 2855 10 2660 17 2892 23 0.76 
Variable 2794 2699 2762 
t Mean soil-test P for areas encompassed by the three treatments for samples collected 
before the fields were fertilized and planted. 
t Level of significance of the interaction between treatments and soil-test classes. 
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GENERAL SUMMARY 
The overall objective of this study was to assess the feasibility of soil sampling 
strategies and variable-rate fertilization programs for P and K. Specific objectives were 
(1) to compare soil sampling procedures that are being used or have been proposed to 
estimate soil-test P and K levels for com and soybean production, (2) to estimate the 
amount of P and K fertilizers that would be recommended by following each of the 
procedures evaluated, (3) to estimate the crop yields attained by using each procedure, (4) 
to adapt precision agriculture technologies to strip-trial methods commonly used by 
farmers, cooperatives, and agribusiness, and (5) to evaluate com and soybean response to 
fixed or variable P fertilization rates. Two separate studies were conducted to achieve 
these objectives. The first study involved the use of two different sampling strategies 
repeated on eight Iowa com and soybean fields, and attempted to identify potential 
problems and solutions associated with spatial variability of soil nutrients and how they 
relate to site-specific farming. The second study was a variable-rate P response trial 
involving four com and soybean fields over two years. An existing variable-rate 
fertilization program offered by a central Iowa cooperative was used to evaluate different 
statistical procedures to analyze strip-trials. Included were methods to account for spatial 
correlation of yields and a method to split large trials into smaller more homogeneous 
units that were treated as different subunits and analyzed for interactions. 
The results from the first study showed much variability in STP and STK. This 
variability was not consistent from field to field and sometimes not consistent from 
67 
nutrient to nutrient within a field. Although some variability patterns were discernable, 
usually they were not consistent from field to field which suggests the need for field 
specific sampling plans. The existence of patterns does suggest that other information 
(such as soil type maps, cropping and fertilization history, yield maps, or old soil 
samples) could be used to find the most efficient sampling strategy for that field. 
The results from the variable-rate P response study showed that precision 
agriculture technologies can successfully be applied to on-farm research and to improve 
traditional strip-trials procedures. To be effective, the procedures necessitate appropriate 
quality controls at the field and data management levels (i.e., calibrations of yield 
monitors, check of differential signal correction, identification of yield monitor errors, 
etc.). The most benefit of these technologies can be achieved when statistical methods 
that account for spatial correlation of yields and other measurements are used. 
The comparison of fixed or variable P fertilization showed a reduction in the 
fertilizer applied for three of the four fields and a small increase in yield in one field when 
the variable-rate fertilization program was used. These results suggest that fertilization 
programs that vary the rate of fertilizer within a field can provide economic and 
environmental benefits. Small or lack of differences between treatment effects for areas 
of the responsive fields having different soil test values suggests that the soil sampling 
intensity used was not dense enough to show the true distribution of soil test values for 
much of the area of each sampled cell. This is supported by the first part of this research 
which indicated that grids larger then 1.5 ha did not show much of the within-field 
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variability described by the sampling strategy that used cells 0.2-ha in size. Statistical 
analysis that accounted for spatial correlation of yield improved the evaluation of 
treatment effects. The results showed that a combination of traditional on-farm strip 
trials, precision farming technologies, and statistical methods that account for spatial 
correlation of yields can be used to evaluate management practices and their interaction 
with soil test levels. Overall, the results of this study showed that precision farming 
technologies and associated practices (such as intensive grid sampling or a targeted soil 
sampling) are useful tools for improving soil fertility management. 
